Background-Left atrial (LA) enlargement has been documented to occur in moderate and severe hypertension. Methods and Results-One hundred twelve mild hypertension patients were prospectively recruited and compared with 198 healthy volunteers. All recruits had a transthoracic echocardiogram. Maximum LA biplane volume, minimum LA biplane volume, and pre 'p'-LA biplane volume were measured, and left atrial passive, active emptying, and conduit volumes were calculated at baseline and in a subgroup of patients after 12 months. After adjusting for age, gender, and body mass index, maximum LA biplane volume, pre 'p'-LA biplane volume, and their indexed volumes were increased in the hypertension group. Active emptying volume and fraction were significantly increased in the hypertension group, with no change in conduit and passive volumes. Subgroup analysis comparing hypertensives with normal/mildly increased left ventricular mass (group 1) with those with moderate/severely increased left ventricular mass (group 2) at baseline demonstrated that maximum LA biplane volume (62.8Ϯ17.9 mL versus 45.4Ϯ13.7 mL; PϽ0.001) was significantly increased in group 2. Active emptying volume was also increased. Conclusion-Even mild hypertension seems to be associated with a reduction in early diastolic filling. This results in augmented late left ventricular diastolic filling due to active atrial contraction and may be the mechanism for the increase in left atrial size. (Circ Cardiovasc Imaging. 2009;2:93-99.)
L eft atrial (LA) enlargement occurs in patients with moderate and severe hypertension (HT). 1, 2 HT results in left ventricular (LV) hypertrophy and reduced LV diastolic function. It has been established that LA volume is a sensitive marker for the severity of diastolic dysfunction. 3 
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Data from the Framingham study suggest that LA enlargement is among the strongest predictors for subsequent development of atrial fibrillation (AF). 4 The risk of developing AF is increased 1 1 ⁄2 times in hypertensive patients. 5, 6 The occurrence of paroxysmal AF in hypertensive subjects is associated with LA enlargement and reduction of atrial contractile function. 5 Few studies have addressed in detail the changes in total LA volume and its phases (passive emptying, conduit volume, and active emptying) in mild HT. We sought to evaluate (1) whether maximal LA volume (Vol max ) increases significantly in mild HT, (2) if active atrial contraction increases to compensate for decreased diastolic function consequent to HT, and (3) the effect of increased LV mass (LVM) on atrial size in mild HT.
Methods

Study approval was obtained from the Human Research Ethics
Committee at Westmead Hospital. The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
The study population consisted of 112 patients in sinus rhythm with mild HT (51 males) and 198 normal controls (89 males). The patients were recruited from the Cardiology and Renal departments and also from the community based on a history of mild HT (documented blood pressure [BP] of Ͼ140/90 mm Hg but Ͻ160/ 100 mm Hg) by the treating physician before and during antihypertensive therapy. A detailed history was obtained on duration and documented BP. These details were corroborated from patient hospital records with their treating physician. Patients who had previously documented BP levels higher than 160/100 mm Hg, diabetes mellitus or coronary artery disease, significant valvular disease (more than mild valvular regurgitation or stenosis), a history of atrial or ventricular arrhythmias, an ejection fraction of Ͻ50%, previous cardiac surgery, or implanted devices were excluded. Of the total of 154 patients recruited, 42 patients were excluded based on the above exclusion criteria. The final HT population analyzed consisted of 112 patients. BP was checked lying, standing, and seated (2 recordings made 10 minutes after arrival) at the time of the echocardiographic examination.
The normal population consisted of volunteers recruited from hospital staff and the community. There was no history of HT (BP Ͻ135/85 mm Hg), ischemic heart disease, significant valvular disease, peripheral vascular disease, cerebrovascular disease, or diabetes. None of the normal population was on antihypertensive or other cardiac medications. BP for the normal population was recorded twice in the seated position 10 minutes after arrival.
Standard Transthoracic Echocardiogram
Echocardiograms were performed according to established clinical practice using 3 commercially available instruments (General Electric Vivid 5 and 7, Horten, Norway, and Philips IE 33, Eindhoven, The Netherlands), using harmonic 3.5-MHz variable frequency phased-array transducers. LA diameter by M-mode was measured in the parasternal long-axis view. 7 LV wall thickness was measured by M-mode using American Society of Echocardiography (ASE) criteria. 8 Relative wall thickness was measured as 2ϫposterior wall thickness in diastole divided by LV diastolic dimension. LV end-diastolic and end-systolic volumes were determined from the apical 4-and 2-chamber views using the biplane method of discs. 8 
LA Volumes and Mechanical Function
LA volumes were measured at 3 points: (1) Vol max , in ventricular systole just before mitral valve opening; (2) volume before active atrial contraction volume (Vol p ) at P-wave onset on ECG; and (3) minimal LA volume (Vol min ) after mitral valve closure. All volumes were calculated from the apical 4-and 2-chamber zoomed views using the biplane method of discs. 9, 10 The following LA emptying parameters were derived. 11 • LA passive emptying volumeϭVol max 
Mitral Inflow and LV Diastolic Function
Pulsed Doppler mitral inflow was obtained at a sweep speed of 100 mm/s from the apical 4-chamber view, placing the sample volume at the mitral leaflet tips. Peak A-wave velocity, its velocity time integral and atrial fraction (A-wave velocity time integral/total velocity time integral) were measured as an average of 3 beats. 12 LA ejection force was calculated as previously described. 13 LV diastolic function was determined using standard echocardiographic parameters including peak E velocity, peak A velocity, E/A ratio, and the deceleration time. The early diastolic EЈ velocity and late diastolic AЈ velocity were estimated by Doppler tissue imaging, by placing the sample volume at the septal annulus, recording at a sweep speed of 100 mm/s and measured as an average of 3 beats. Diastolic filling patterns were categorized as normal, impaired relaxation, pseudonormal, and restrictive based on previously published criteria using a combination of transmitral and Doppler tissue imaging parameters. 14 
Left Ventricular Mass
The ASE-recommended area-length method was used to determine LVM. 8 LVM was indexed to allometric height 2.7 . 15, 16 Patients in the HT group were divided into 2 groups based on LVM; group 1 consisted of normal/mildly increased LVM and group 2 consisted of moderately/severely increased LVM using the reference values from the Strong Heart Study. 15 
Follow-Up Echocardiogram
Patients who had increased LVM on their baseline study were invited to return at 12 months for a repeat echo. Physician advice on lifestyle modification was given with regard to optimal BP control, and though no medications were initiated by the study doctors, patients were encouraged to see their treating physicians to optimize the BP control and aim for target BP Ͻ140/90 mm Hg. Forty-four of 50 patients with increased LVM returned for a repeat echocardiogram 12 months later. Of the 6 patients who did not return for follow-up, 1 patient died from noncardiac causes, 2 patients had pacemakers implanted, 2 patients developed chronic AF, and 1 patient refused repeat echocardiogram.
Observer Agreement
In 10 randomly selected studies from each group, 2 readers independently measured the LA Vol max , Vol min , and Vol p . One observer remeasured the same 20 studies at a separate time to determine intraobserver agreement from the baseline studies. The same individual acquired further LA images 1 hour later to assess interstudy reproducibility.
Analysis
All values are expressed as meanϮSD. Linear regression was used to examine the difference between the normal and HT groups. All values were adjusted for age, gender, and BMI; raw values were indexed allometric height 2.7 . Differences within patients at baseline and follow-up at 12 months were analyzed using a paired Student t test. The correlation between 2 variables was assessed by Pearson rank correlation coefficient. Univariate and multivariate regression analysis was used to examine independent predictors of increased LA size. Bland Altman analysis 17 was performed to analyze intraobserver variability, interobserver variability, and interstudy reproducibility. Data were analyzed using SPSS version 15 (SPSS Inc, Chicago, Ill).
Results
Baseline Study
Clinical characteristics of the HT group at baseline are given in Table 1 . Eighty percent of the population was on Յ2 antihypertensive medications and most were asymptomatic. The mean values for clinical and echocardiographic variables for the HT and normal groups are listed in Table 2 . Standing and lying systolic BPs were significantly lower than seated systolic BP (PϽ0.02 and 0.001, respectively). Lying DBP was significantly lower than seated diastolic BP (PϽ0.001).
LA Volumes
LA Vol max , Vol p , and indexed values were significantly increased in the HT group (Table 3) . The active emptying volume and fraction were increased in the HT group. The conduit volume and the passive emptying volume and fraction were not significantly different between groups (Table 3) . Defining LA enlargement as the meanϩ2SD as calculated from the LA Vol max indexed to height 2.7 for the normal group in this study, LA enlargement was found in 22% of the hypertensive population.
LA Volumes and Degree of LV Hypertrophy
Hypertensive subjects were further divided into 2 groups on the basis of LVM previously described. LA Vol max , Vol min , Vol p , and indexed volumes were all significantly increased in group 2 compared with group 1. The active emptying volume remained significantly higher in group 2, but the active emptying fraction failed to reach significance (Table 4) .
LV Diastolic Function
In the HT group, none had restrictive diastolic physiology, 9% had pseudonormalized filling pattern, and 16% had impaired relaxation. The remainder (75%) had normal diastolic physiology. The peak E and A velocities were significantly higher in the HT group and the deceleration time was prolonged (Table 2) . Septal EЈ was significantly lower in the HT group, whereas E/EЈ showed a significant increase in the HT group. LA ejection force was significantly higher in the HT group. In the subgroup analysis of patients with HT based on LVM, peak E, peak A, deceleration time, EЈ, E/EЈ, and AЈ were not significantly different in the 2 groups (data not shown).
Factors That Influence LA Enlargement
Patients with SBP values Ն150 mm Hg at enrollment had higher LVM when compared with those patients with a BP Data are presented as meanϮSD. All values adjusted for age, gender, and BMI as covariates using linear regression. BSA indicates body surface area; Peak A, peak mitral inflow contraction velocity; Peak E, peak mitral velocity of early diastolic filling from transmitral flow; Septal AЈ, peak atrial contraction velocity using DTI; Septal EЈ, early diastolic filling using DTI; DTI, Doppler tissue imaging.
Ͻ150 mm Hg (Pϭ0.024 for indexed LVM). There was no statistically significant difference in height, weight, BMI, or body surface area between the 2 subgroups.
To determine the independent correlates of LA Vol max , univariate and multivariate regression analyses were performed. Input variables included the duration of HT, antihypertensive drugs, seated systolic and diastolic BP, BMI, LVM, and parameters of diastolic function (peak E and EЈ velocity). By univariate analysis, a positive correlation was noted between LA Vol max and seated systolic BP (rϭ0.34), BMI (rϭ0.37), and LVM (rϭ0.57) (Pϭ0.001 in all). Neither the duration of HT nor the use of antihypertensive medications influenced LA geometry, phasic volumes or LA function.
When the univariate predictors were entered into a multivariate analysis, the only independent correlates of increased LA Vol max included LVM (Pϭ0.001) and peak E (Pϭ0.02). Using a best-fit model, LA Vol max ϭ6.8ϩ0.1LVMϩ25.6 peak E (adjusted r 2 ϭ0.30). We additionally performed correlations between atrial volumes and indexed LVM and BMI. A significant correlation was present between indexed LVM and Vol max (rϭ0.47), Vol min (rϭ0.34), and Vol p (rϭ0.44) (Pϭ0.001 in all). Similarly, a 
Twelve-Month Follow-Up Study
Repeat echocardiograms were performed in 44 hypertensive patients after a mean follow-up of 12Ϯ3.7 months. The change in antihypertensive therapy is shown in Figure 1 . Mean systolic BP, diastolic BP, and MAP were significantly reduced after 12 months. Raw and indexed LVM were significantly reduced at follow-up (Table 5) . No difference was present in conduit, passive, or active indexed emptying volumes, although indexed active emptying volume approached significance (Pϭ0.07; Figure 2A and 2B).
Interobserver/Intraobserver Variability and Interstudy Reproducibility
LA Vol max , Vol min , and Vol p were evaluated in 20 studies. Bland-Altman analysis for LA Vol max demonstrated an intraobserver mean difference of Ϫ0.004 mL (95% CI, Ϫ1.3 to 1.3 mL). The interobserver variability showed a mean difference of 0.73 mL (95% CI, Ϫ1.7 to 3.1 mL). Interstudy reproducibility was performed at 1 hour under the same clinical conditions. The mean difference between sequential studies was 1.9Ϯ4.2 mL (rϭ0.95) for Vol max , Ϫ1.1Ϯ1.8 mL (rϭ0.98) for Vol min , and 0.87Ϯ2.2 mL (rϭ0.97) for Vol p .
Discussion
The results of our study demonstrate that LA volume is increased even in mild HT, with an associated increase in active volume. Conversely, there was no change in LA passive emptying or conduit volume. We have demonstrated that peak E velocity and LVM were independent predictors of LA volume on multivariate analysis. After adjusting for age, gender, and BMI, LA size and active emptying volume were increased in those with a higher LVM within the HT group. Thus, as LV diastolic function progressively worsens, LA enlargement occurs to augment active LA emptying.
Normal Aging and Diastolic Properties
Age-related changes in LV diastolic properties are well recognized with a decrease in early diastolic filling and Peak A indicates peak mitral inflow contraction velocity; Peak E, peak mitral velocity of early diastolic filling from transmitral flow; Septal AЈ, peak atrial contraction velocity using DTI; Septal EЈ, early diastolic filling using DTI; DTI, Doppler tissue imaging.
compensatory increase in late filling. 18 In addition, the Doppler tissue imaging derived EЈ velocity decreases with an increase in AЈ velocity. 19, 20 We previously demonstrated that normal aging does not result in a significant increase in LA size. 20 However, passive emptying and conduit volumes were decreased consequent to age-related LV diastolic dysfunction, with a compensatory increase in active atrial emptying. In contrast, even mild HT results in an increase in overall LA size due to further reduction in LV diastolic function due to HT over and above normal age-related changes. The LA ejection force was increased in the HT group and represents the compensatory increase in atrial contribution by recruitment of starling forces due to the reduction in early diastolic relaxation.
Effect of HT on LA Size
Although there has been recent interest in LA size in HT, many of the reported studies have evaluated only maximal LA volume. 1, 3 Population-based studies have found that LA enlargement occurs in 22% of patients with HT when using LA diameter indexed to body surface area and 27% when LA volume is indexed to body surface area. 21 Similarly, 22% of our patient population was found to have LA enlargement when LA volume was indexed to height.
Atrial phasic changes in untreated severe hypertensives demonstrated a decrease in conduit and passive volumes with an increase in active emptying fraction. 22 In this study of mild hypertensives, no change was noted in passive emptying or conduit volumes with an increase in active emptying volume and an overall increase in LA volume compared with normals. Thus, we could postulate that worsening HT would compromise conduit and passive emptying volumes as previously demonstrated. 22 The subgroup with systolic BP Ͼ150 mm Hg had a larger LA, and although the peak systolic and mean arterial pressure correlated with LA volume, the duration of HT did not influence LA size. Further compromise of LV diastolic function due to increased LVM (group 2) in the population with HT results in further increases in total LA volume as well as active atrial emptying similar to the report by Cioffi et al 6 Intensive treatment of more severe grades of HT has previously shown a regression of LV hypertrophy and reduction in LA volume. 23, 24 In the subgroup with an increased LVM followed up for 12 months, improved BP control resulted in reduction in LVM and in LA size. Thus, careful monitoring of LA size and its changes may have a role as a surrogate marker to monitor the efficacy of HT therapy.
Impact of Increased LA Size in HT
Increased LA size is associated with the increased occurrence of AF 25, 26 and hypertensives carry an increased risk of AF. Thus, although treatment strategies in AF are directed toward rhythm control, careful evaluation of associated uncontrolled HT and its effective management is important in the management of patients with AF. This needs to be studied more carefully in a population with AF with associated HT. The finding of an enlarged LA in a subject who is apparently "normotensive" may warrant more careful monitoring of BP including ambulatory BP monitoring to rule out hitherto undiagnosed HT.
Limitations
Most of the hypertensive patients were on antihypertensive treatment before recruitment into this study. Because of the increased awareness of benefits of early treatment, we found it impossible to recruit large numbers of untreated patients with mild HT. A detailed history and review of medical records of previously recorded BP was taken to ensure that documented BP was Ͻ160/100 mm Hg.
Patients did not have ambulatory or nocturnal BP checked. Although these would likely have provided additional information, these were considered beyond the scope of the present study. Medications were not stopped before the echocardiographic examination and this may have altered diastolic filling parameters.
Conclusion
This study has systematically evaluated LA volumes and function in a large group of patients with mild HT. Even mild HT seems to be associated with a reduction in early diastolic filling. This results in augmented late LV diastolic filling due to active atrial contraction and may be the mechanism for the increase in LA size. With increasing LVM within the HT population, LA size enlarges with an increase in active atrial emptying. Patients with mild HT should be evaluated for LA enlargement as this may be a useful surrogate marker for monitoring the effectiveness of medical therapy.
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